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In vivo priming of cytotoxic T lymphocytes (CTL) by DNA injection predominantly occurs by antigen transfer
from DNA-transfected cells to antigen-presenting cells. A rational strategy for increasing DNA vaccine potency
would be to use a delivery system that facilitates antigen uptake by antigen-presenting cells. Exogenous antigen
presentation through the major histocompatibility complex (MHC) class I-restricted pathway of some viral
antigens is increased after adequate virus-receptor interaction and the fusion of viral and cellular membranes.
We used DNA-based immunization with plasmids coding for human immunodeficiency virus type 1 (HIV-1)
Gag particles pseudotyped with vesicular stomatitis virus glycoprotein (VSV-G) to generate Gag-specific CTL
responses. The presence of the VSV-G-encoding plasmid not only increased the number of mice displaying
anti-Gag-specific cytotoxic response but also increased the efficiency of specific lysis. In vitro analysis of
processing confirmed that exogenous presentation of Gag epitopes occurred much more efficiently when Gag
particles were pseudotyped with the VSV-G envelope. We show that the VSV-G-pseudotyped Gag particles not
only entered the MHC class II processing pathway but also entered the MHC class I processing pathway. In
contrast, naked Gag particles entered the MHC class II processing pathway only. Thus, the combined use of
DNA-based immunization and nonreplicating pseudotyped virus to deliver HIV-1 antigen to the immune

system in vivo could be considered in HIV-1 vaccine design.

Cytotoxic T lymphocytes (CTL) play a key role in the adap-
tative immune response by eliminating cells infected with in-
tracellular pathogens or bearing tumor-related antigens. DNA-
based vaccines are being evaluated as an attractive alternative
to conventional protein vaccines, because they can induce po-
tent CTL responses. Strong cellular and/or humoral immune
responses have been elicited by injection of DNA vaccines in a
variety of species, including humans (22, 56, 68). In vivo prim-
ing of CTL by DNA injection predominantly occurs by antigen
transfer from DNA-transfected cells to antigen-presenting
cells (APC) (15, 21). The injection of DNA into muscle results
in the uptake of DNA, not only by myocytes, but also by the
neighboring cells. These nonlymphoid tissues express the plas-
mid-encoded protein. Although directly transfected dendritic
cells have been isolated following intradermal biolistic immu-
nization (13), transfected APC probably play a minor role
when the DNA is injected intramuscularly. After DNA-based
immunization, the strength of the immune response is depen-
dent on the nature of the antigen expressed by nonlymphoid
tissues and on its transfer to bone marrow-derived APC (15).
APC capture exogenous antigen through multiple pathways,
which may influence the efficiency of antigen processing and
presentation. It is well known that distinct antigen-processing
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pathways leading to antigen presentation by two separate ma-
jor histocompatibility complex (MHC) classes (class I or II) are
required for endogenous and exogenous antigens to stimulate
either CD8" or CD4" T cells (25). During the past few years,
this dichotomous processing pathway has become more com-
plex, because it is now well demonstrated that exogenous an-
tigens are processed for alternative MHC class I-restricted
antigen presentation to CD8™" T cells by APC (32, 53, 74). The
stimulation of naive CTL by peptides derived from exogenous
proteins has been referred to as cross-priming (6, 29).

Enhancement of MHC-restricted antigen presentation and
vaccine-elicited CTL responses has been demonstrated in mice
and in nonhuman primates by cytokine administration (3, 34,
72), by triggering of costimulatory molecules (31, 33), and by
induction of Fas-mediated apoptosis (12, 59). We recently
demonstrated that human immunodeficiency virus type 1
(HIV-1) Gag epitopes are presented by MHC class I molecules
in the absence of viral protein synthesis in primary human
dendritic cells and macrophages in vitro after uptake of HIV-1
virions (10). This exogenous presentation requires interaction
between viral envelopes and their receptors as well as the
fusion activity of the viral envelope. This was observed with
virions bearing either HIV-1 or VSV envelope glycoproteins
(VSV-G). Thus, a rational strategy would be to take advantage
of the VSV-G envelope fusogenic activity and receptor-medi-
ated entry to increase antigen uptake in vivo after DNA-based
immunization.

In this report, we investigate whether pseudotyping of Gag
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particles by the VSV-G envelope could enhance in vivo the
Gag-specific immune response after DNA-based immuniza-
tion. Our results show that injection of plasmids encoding
VSV-G-coated HIV-1 Gag particles improved the Gag-specific
CD8™ T-cell response in mice. This was confirmed by in vitro
experiments indicating that VSV-G pseudotyping of Gag par-
ticles allowed the Gag protein to enter into the MHC class I
pathway. Finally, we show that both CD4" and CD8" T-cell
responses were improved after local recruitment of APC, con-
firming the predominant role of these cells in uptake of the
released antigen and immune response induction.

MATERIALS AND METHODS

HIV-1 Gag and VSV-G expression vectors. The HIV-1 Gag expression vector
pCMV.ARS-2 is a kind gift of D. Trono (48, 75). It drives the synthesis of all
HIV-1 proteins besides Env. The plasmid pCMV-VSYV, a kind gift of A. Miya-
nohara, carries the VSV-G gene under the control of human cytomegalovirus
(CMV) immediate-early gene promoter (73). pCMV.AS is a control plasmid
carrying the VSV gene in an antisense orientation. It was constructed by invert-
ing a BamHI-BamHI fragment encompassing the VSV-G gene in pCMV-VSV.
Plasmid pCMV-VSV mut encodes a fusion-defective VSV-G protein (mutant
Q117N) (8, 70).

HIV-1 Gag particles pseudotyped with the VSV-G glycoprotein were pro-
duced by cotransfecting pPCMV.ARS-2 and pCMV-VSV plasmids (at a 3:1 ratio)
in HeLa cells as previously described (45). “Naked” HIV-1 Gag particles were
produced by using pCMV.AS instead of pCMV-VSV. Stocks of purified particles
were obtained after concentration of supernatants from transfected HeLa cells
by using membranes with a cutoff value of 100 kDa. Quantification of the
particles was done according to their HIV-1 p24 content by enzyme-linked
immunosorbent assay (ELISA) (Dupont de Nemours, Paris, France) and kept
frozen at —70°C before use.

DNA-based immunization. Female H-2¢ BALB/c mice (Iffa Credo, Les
Oncins, France) 6 to 8 weeks old were used for immunogenicity studies. The
HIV-1 Gag expression vector pCMV.ARS8-2 was coinjected with either the
VSV-G envelope-encoding plasmid DNA (pCMV.VSV) or with a control plas-
mid carrying the VSV gene in the antisense orientation (p)CMV.AS). DNAs were
injected into normal or regenerating (i.e., cardiotoxin treated) tibialis anterior
(TA) muscles as previously described (43). Each TA received a total of 100, 10,
or 1 pg of DNA composed of 3/4 pCMV.ARS-2 DNA and 1/4 pCMV.VSV or
pCMV.AS DNA in a final volume of 100 pl. All intramuscular injections were
carried out under anesthesia (sodium pentobarbital, 75 mg/kg of body weight,
intraperitoneal). All DNA vectors used for immunization were purified with
Qiagen (Hilden, Germany) Endofree kits.

CTL activity assay. Immunized mice were sacrificed and spleens were re-
moved 2 weeks after DNA-based immunization. Splenocytes were cultured (107
cells per well in 24-well plate) in 2 ml of a minimum essential medium (e-MEM;
Gibco BRL, Cergy Pontoise, France) supplemented with 10 mM HEPES, non-
essential amino acids, 1 mM sodium pyruvate, antibiotics, glutamine (Gibco
BRL), 0.05 mM B-mercaptoethanol, and 10% fetal calf serum (Myoclone; Gibco
BRL). Splenocytes were stimulated with (per milliliter) 1 wg of HIV-1
p248989276 peptide (GHQAAMQMLKETINEE) containing an H-2-restricted
epitope (boldface residues) (63). Five days later, half of the medium was re-
placed with fresh medium, and 2 days later, cells were used as effectors for the
measurement of specific cytolytic activity in a standard chromium release assay.
The target cells were H-2¢ murine mastocytoma cells (P815) pulsed with the
HIV-1 p248°8 H-24-restricted peptide (15 pg/ml) or P815 cells infected with a
recombinant vaccinia virus encoding the HIV-1 Gag protein (rvv TG 1144) (52)
at a multiplicity of infection (MOI) of 20/1. Unpulsed P815 cells or wild-type
vaccinia virus-infected cells were used as control. Targets were labeled with >'Cr
(3.7 MBq per 10° cells; Amersham, Little Chalfont, United Kingdom). After a
4-h incubation at 37°C, 50 wl of supernatants was collected and counted on a beta
counter as described previously (9). Spontaneous and maximum releases were
determined from targets incubated with either medium alone or lysis buffer (5%
Triton X-100, 1% SDS). The percentage of specific release was calculated as
[(experimental release — spontaneous release)/(maximum release — spontane-
ous release)] X 100. The specific lysis was determined for each point in triplicate.

ELISPOT assay. Gamma interferon (IFN-y)-releasing cells were quantified
after peptide or Gag particle stimulation by cytokine-specific enzyme-linked
immunospot (ELISPOT) assay. Flat-bottom nitrocellulose ELISA plates (Mul-
tiscreen, Millipore, Molsheim, France) were coated with 50 pl of rat anti-mouse
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IFN-y (5 pg/ml; Pharmingen, San Diego, Calif.) overnight at 4°C and thereafter
saturated for 2 h at 37°C with RPMI 1640 containing 10% fetal calf serum (FCS).
Splenocytes (10° per well in 96-well plates) were incubated for 40 h in complete
a-MEM (see CTL activity) at 37°C in 5% CO, with different antigenic stimula-
tions. Cells were incubated with HIV-1 Gag peptide (1 pg/ml), with VSV-G-
pseudotyped HIV-1 Gag particles (100 ng/ml), with naked HIV-1 Gag particles
(100 ng/ml), or with recombinant vaccinia virus encoding VSV-G envelope pro-
tein (rvv VSV; a kind gift of B. Moss) at the MOI of 1/1 (40). Wells containing
cells in culture medium, in concentrated supernatants from untransfected HeLa
cells or cells infected with wild-type vaccinia virus, were used as negative controls
to evaluate background level. Cells were removed by flicking the plates and then
were lysed with water. After washing with phosphate-buffered saline (PBS)-
0.05% Tween 20, biotinylated rat anti-mouse IFN-y antibody (1 pg/ml; Pharm-
ingen, San Diego, Calif.) was added for a 90-min incubation at room tempera-
ture. Wells were washed as described above prior to incubation with streptavidin-
alkaline phosphatase conjugate (Boehringer Mannheim, Mannheim, Germany)
at a 1:1,000 dilution in PBS for 1 h 30 min. Then, a 2.3 mM solution of 5-bromo-
4-chloro-3-indolyl phosphate and nitroblue tetrazolium (Promega, Madison,
Wis.) diluted in alkaline buffer solution was added. When spots were visible, the
reaction was stopped with water and air dried. The number of IFN-y-secreting
blue spots was counted, and the results were expressed as single spot-forming
cells (SFC). Each cell population was titrated in triplicate, and spots were
counted double blind.

The percentage of CD8" and CD4™" T cells was determined by fluorescence-
activated cell sorter (FACS) analysis of fresh splenocytes by direct staining with
antimouse CD8™" fluorescein isothiocyanate (FITC)- and CD4" phycoerythrin
(PE)-conjugated antibodies (Pharmingen, San Diego, Calif.). Depletion of
CD8" and CD4" T cells from mouse splenocytes was achieved by magnetic cell
sorting (Miltenyi Biotec, Paris, France) as previously described (44). The per-
centage of undesired cells in the depleted fraction was less than 0.4%.

Statistical analysis. Categorical variables were compared with the x> Pearson
test. The minimal P value for rejection of the null hypothesis (i.e., no difference
between VSV-immunized and control group) was 0.05.

RESULTS

Coinjection of a vector coding for HIV-1 Gag particles with
a plasmid encoding the VSV-G envelope increases Gag-specific
cytotoxic responses in vivo. To investigate the role of VSV-G
envelope pseudotyping in the in vivo uptake of Gag particles by
APC, mice were immunized with a vector encoding Gag par-
ticles and a plasmid encoding or not encoding the VSV-G
envelope. Optimal results for the intracellular expression of
antigens and the production of fusogenic HIV-VSV particles
were obtained in vitro following cotransfection of Gag and
VSV-G expression vectors in HeLa cells (45). Immunofluores-
cence and confocal microscopy analysis of transfected cells
indicated that both Gag and VSV-G antigens partially colocal-
ized within the same cell (data not shown). Quantification of
p24#“¢ in cell culture supernatant allowed us to choose a 3-to-1
DNA ratio of pPCMV.ARS8-2 and pCMV.VSYV for in vivo injec-
tions. As a control for pCMV.VSV injection, we used a vector
containing the VSV-G coding domain in an antisense orienta-
tion (pCMV.AS). The efficiency of coinjection of plasmids
encoding naked Gag particles (p.CMV.ARS8-2 + pCMV.AS) or
of plasmids coding for VSV-G envelope-pseudotyped Gag par-
ticles (pCMV.ARS8-2 + pCMV.VSV) at inducing Gag-specific
CTL in vivo was tested in mice. Groups of five BALB/c mice
were injected once intramuscularly with 10 or 100 pg of total
DNA into normal muscle. The cytotoxic CD8" T-cell response
was tested 2 weeks later using splenocytes from immunized
mice as effector cells and P815 cells pulsed with an MHC class
I-restricted Gag peptide or unpulsed cells as targets.

No specific lysis was observed for spleen cells derived from
any of the five mice injected with 10 g of plasmids encoding
naked Gag particles. In contrast, cytotoxic T cells were found
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FIG. 1. Efficiency of the Gag-specific cytotoxic T-cell response after DNA coinjection. Mice were immunized with 10 (A) or 100 (B) ng of
pCMV.AR8-2 + pCMV.AS (open diamond) or pCMV.ARS8-2 + pCMV.VSV (solid squares) plasmid DNA encoding naked or VSV-G-
pseudotyped Gag particles, respectively. (C) Mice were immunized with 100 ug of pPCMV.ARS-2 + pCMV.VSV. DNA was injected into normal
muscle. Cytotoxic activity of in vitro-stimulated spleen T cells was measured 2 weeks after immunization. The specific lysis was calculated by
subtracting the nonspecific lysis on P815 target cells from the specific lysis obtained on P815 cells pulsed with HIV-1 p24%“¢ peptide (A and B).
(C) Target cells were infected with either wild-type vaccinia virus (open triangles) or recombinant vaccinia virus expressing the HIV-1 Gag protein
(solid circles). Specific lysis values represent mean values =+ standard errors from three to five individual mice in each immunization group. E:T

ratio, effector/target ratio.

in the spleens of five out of five mice immunized with 10 g of
vectors coding for VSV-G-pseudotyped Gag particles (Fig.
1A). In addition, the Gag-specific cytotoxic activity of spleen
T cells derived from mice immunized with 100 pg of
pCMV.ARS8-2 + pCMV.VSV was significantly higher than that
detected after immunization with pPCMV.ARS-2 + pCMV.AS
(Fig. 1B). The number of effector cells required for a 50% lysis
of target cells was 10 times lower for mice immunized with 100
pg of pPCMV.ARS-2 + pCMV.VSV DNA than that for mice
immunized with 100 pg of pPCMV.ARS8-2 + pCMV.AS DNA
(Fig. 1B). The anti-Gag CTL response was also tested against
P815 cells infected with recombinant vaccinia virus encoding
the HIV-1 Gag protein. Spleen T cells derived from mice
immunized with pCMV.ARS-2 + pCMV.VSV DNA and stim-
ulated in vitro with Gag peptide specifically lysed target cells
infected with recombinant vaccinia virus encoding the HIV-1
Gag protein. These results indicate that CTL induced after
pCMV.ARS-2 + pCMV.VSV DNA injection recognized pep-
tides derived from endogenously processed Gag protein (Fig.
1C). Moreover, these results show that coinjection of the plas-
mid encoding the VSV-G envelope significantly increases the
magnitude of Gag-specific CTL response after pPCMV.ARS-2
injection in vivo. This also indicates that Gag epitopes were
better presented in vivo by the APC when Gag particles were
pseudotyped with VSV-G envelope.

Dose-dependent Gag-specific cytotoxic T-cell responses af-
ter DNA-based immunization in mice. To evaluate whether the
enhanced efficiency of Gag-specific immune response after
coinjection of pCMV.VSV with pCMV.ARS8-2 DNA would
permit decreasing the dose of injected DNA, 1, 10, or 100 g
of DNA was injected into normal or regenerating muscle. The
Gag-specific cytotoxic responses against P815 target cells
pulsed with Gag peptide were evaluated 2 weeks after DNA
injection as described above.

After coinjection into normal muscle of low doses of DNA
plasmids (1 pg) encoding either the Gag particle alone

(pCMV.ARS-2 + pCMV.AS) or the Gag particle pseudotyped
with the VSV-G envelope (pCMV.ARS-2 + pCMV.VSV), no
specific lytic activity against P815 cells pulsed with the Gag
peptide was detected (see Fig. 2, left panel). At the dose of 10
pg of DNA, a significant number of mice with a Gag-specific
response (13 of 28; P < 0.001) was observed following immu-
nization with plasmids encoding the VSV-G-pseudotyped Gag
particles. In contrast, none of the animals (0 of 17) injected
with plasmids encoding the naked Gag particles responded at
this dose. This result was further confirmed after immunization
with 100 pg of DNA, since a significantly higher number of
mice (P < 0.05) display a cytotoxic response after coinjection
of plasmids encoding the Gag protein and VSV-G envelope
(13 of 13 compared to 7 of 10; Fig. 2, left panel). It was
previously shown that cardiotoxin allows destruction of muscle
fibers followed by their regeneration. This results in a 10-fold
more efficient gene transfer in regenerating than in normal
muscle (17). Furthermore, the local inflammation leads to a
better recruitment of APC to the site of injection, thus improv-
ing the immune response induced after DNA injection (41).
The numbers of responding mice following injection in cardio-
toxin-pretreated muscles of either 10 or 100 pg of vectors
coding for naked or VSV-G-pseudotyped Gag particles were
comparable and reached 100%. However, injection of 1 ug of
DNA was sufficient to induce a specific CTL response in the
spleens from 4 of 8 mice immunized with plasmids encoding
the Gag protein and the VSV-G envelope and in 2 of 8 mice
immunized with plasmids encoding the Gag protein alone (Fig.
2, right panel).

These results indicate that under normal conditions, when
the number of APC present at the site of DNA injection is low,
pCMV.ARS-2 is more immunogenic when coinjected with a
vector encoding the VSV envelope. Thus, in normal muscle,
the use of VSV-G envelope to pseudotype Gag particles could
reduce the amount of injected DNA.

We also confirmed that recruitment of APC to the injection
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FIG. 2. Dose-dependent cytotoxic T-cell responses after coinjection of DNAs coding for naked or VSV-G-pseudotyped Gag particles. Mice
were immunized with 1, 10, or 100 wg of either pPCMV.ARS-2 + pCMV.AS (open columns) or pCMV.AR8-2 + pCMV.VSV (solid columns)
plasmid DNA. DNA was injected into either normal muscle (left panel) or cardiotoxin-pretreated muscle (regenerating muscle, right panel).
Cytotoxic activity of spleen cells was measured by using peptide-loaded or unloaded P815 cells as targets. Cytolytic responses were considered
positive after subtraction of the background when the specific lysis was 10% or more at an effector/target ratio of 100/1. The number of responding
mice/tested mice is indicated at the top of each column and represents cumulative results obtained from three to five independent experiments.

%, P < 0.05; #, P < 0.001 by x* Pearson test.

site strongly increases the number of mice displaying Gag-
specific cytotoxic activity after DNA-based immunization.
Pseudotyping of HIV-1 Gag particles with VSV-G enhances
the presentation of HIV-1 Gag epitopes in vitro. In order to get
further insights in the mechanisms involved in the increased
efficiency of DNA vectors encoding VSV-pseudotyped Gag
particles for the induction of Gag-specific cytotoxic responses
in vivo, we studied the involvement of the VSV-G envelope in
the in vitro uptake and processing of HIV-1 Gag particles.
Different concentrations of viral particles were tested for their
ability to generate Gag epitopes after in vitro processing. As a
readout for the detection of epitopes derived from the pro-
cessing of either naked or VSV-G-pseudotyped Gag particles,
we used Gag-specific effector T cells, which were obtained
from mouse spleen taken 2 weeks after injection into regener-
ating muscle of 100 g of DNA vector encoding the Gag
protein only (pCMV.ARS-2). These spleen cells contained
macrophages, dendritic cells, and B cells that could serve as
APC for the processing of Gag particles and the presentation
of Gag peptides to T cells. The number of epitope-specific T
cells producing IFN-y was measured in response to a short-
term stimulation (40 h) of the splenocytes with either naked or
VSV-G-pseudotyped Gag particles. The number of Gag-spe-
cific IFN-y-producing T cells increased with the concentration
of viral particles within the dose range studied (Fig. 3). Inter-
estingly, the number of IFN-y SFC was significantly higher
when Gag particles were pseudotyped with VSV-G envelope
(compare Fig. 3A and B). This result shows that the presen-
tation of Gag epitopes derived from the in vitro processing of
exogenous Gag particles is much more efficient when viral
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FIG. 3. Analysis of in vitro processing of Gag particles. An IFN-y
ELISPOT assay was performed with Gag-specific effector T cells ob-
tained from mice immunized with pCMV.ARS8-2 DNA encoding naked
Gag particles. The number of IFN-y SFC per 10° splenocytes was
measured in response to a short-term stimulation of splenocytes (40 h)
with either naked or VSV-G-pseudotyped Gag particles. The number
of specific SFC was calculated after subtracting the background ob-
tained in wells containing splenocytes in culture medium. Different
concentrations of viral particles were tested for their ability to present
Gag epitopes (100, 20, and 4 ng of HIV-1 p24 per ml). Results are
mean values * standard errors from three individual mice. Please note
that the number of IFN-y SFC is expressed per 10° splenocytes.
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FIG. 4. Analysis of T-cell subpopulations activated after in vitro processing of Gag particles. The IFN-y ELISPOT assay was performed as
described in the legend to Fig. 3. Effector T cells were pooled splenocytes from five mice immunized with pCMV.ARS8-2 DNA encoding naked Gag
particles. The number of Gag-specific IFN-y SFC was measured in response to a short-term stimulation of the splenocytes with HIV-1 Gag peptide
(1 pg/ml), VSV-G-pseudotyped HIV-1 Gag particles (p24; 100 ng/ml), or naked HIV-1 Gag particles (p24; 100 ng/ml). The ELISPOT assay was
performed on undepleted (A), CD4" T-cell-depleted (B), and CD8" T-cell-depleted (C) splenocytes. Please note that IFN-y SFC are expressed
for, respectively, 10° T lymphocytes (A), 10° CD8* T cells (B), and 10° CD4™" T cells (C) after staining and quantification of each cell population

by FACS analysis.

particles are pseudotyped with a heterologous viral envelope
such as VSV-G than when they are in a naked form.

VSV-G-pseudotyped Gag particles enter MHC class I and I1
pathways. To determine if epitopes presented after in vitro
processing of either naked or VSV-G-pseudotyped Gag parti-
cles were derived from the class I or class II processing path-
way, we simultaneously performed ELISPOT assay on unde-
pleted (Fig. 4A), CD4™ T-cell-depleted (Fig. 4B), and CD8™
T-cell-depleted (Fig. 4C) splenocytes taken from mice immu-
nized with the DNA vector encoding the Gag protein only.

Stimulation of undepleted Gag-primed spleen cells with
VSV-G-pseudotyped Gag particle increased the number of
IFN-vy-secreting T cells compared to stimulation with naked
Gag particles (Fig. 4A). This confirms the more efficient pre-
sentation of Gag epitopes after in vitro uptake of VSV-
pseudotyped particles by APC (Fig. 3).

The number of specific T cells producing IFN-y after stim-
ulation with naked HIV-1 Gag particles was reduced to the
basal level following CD4* T-cell depletion (Fig. 4B). This
indicates that epitopes derived from in vitro processing of
naked Gag particles were recognized by CD4™" T cells only. In
contrast, after either CD4™ (Fig. 4B) or CD8" (Fig. 4C) T-cell
depletion, the number of specific T cells producing IFN-y
following stimulation with VSV-G-pseudotyped Gag particles
was decreased compared to that of undepleted splenocytes
(Fig. 4A), but was not significantly different between CD4™ - or
CD8"-depleted splenocytes (compare Fig. 4B and C). This
indicates that, not only CD4" T lymphocytes, but also CD8* T
cells secreted IFN-vy after recognition of Gag epitopes pre-
sented on APC pulsed with VSV-G-pseudotyped particles.

Stimulation of undepleted primed spleen cells with the
HIV-1 p245°¢ peptide also resulted in the production of IFN-

v-secreting T cells. This suggests that some of the spots de-
tected after stimulation with pseudotyped particles were due to
the recognition of this epitope by specific T cells derived from
pCMV.ARS-2-injected mice (Fig. 4A). The number of SFC
stimulated with this peptide was decreased to a basal level in a
CD8" T-cell-depleted population (Fig. 4C), indicating that
secretion of IFN-y was due to recognition of the HIV-1 Gag
epitope-MHC class I complex by CD8" T cells. In contrast,
after depletion of CD4™ T lymphocytes (Fig. 4B), the number
of peptide-specific T cells producing IFN-y was not signifi-
cantly different, indicating that this 16-amino-acid Gag pep-
tide was not recognized by CD4" T cells obtained from
pCMV.ARS-2 Gag-immunized mice.

Altogether, these results suggest that when Gag particles are
pseudotyped with VSV-G envelope, the viral proteins enter
both the MHC class I and class II processing pathways,
whereas in the absence of VSV-G envelope, Gag particles gain
access to the MHC class II processing pathway only.

Gag-specific CD4™ T-cell response in vivo is not dependent
on the presence of the VSV-G envelope. To confirm that the
VSV-G pseudotyping of Gag particles had no effect on the
Gag-specific CD4" T-cell response, we immunized mice with
vectors encoding either naked or VSV-pseudotyped Gag par-
ticles. Spleens were taken from mice 2 weeks after a single
injection of 100 g of DNA into normal or regenerating mus-
cles. The CD4™" T-cell response was quantified by an IFN-y
ELISPOT assay after 40 h of stimulation with naked Gag
particles that we have previously shown to be processed
through the class II pathway only (described above). The fre-
quency of Gag-specific CD4™" T cells producing IFN-y was not
significantly different in mice immunized with vectors coding or
not coding for the VSV-G envelope (Fig. 5). The total number
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FIG. 5. CD4" T-cell responses induced in vivo by injection of
DNAs encoding naked or VSV-G-pseudotyped particles. Groups of 5
or 11 mice were injected with 100 g of DNA vectors encoding either
naked (pCMV.ARS-2 + pCMV.AS) or VSV-G-pseudotyped Gag par-
ticles (pCMV.ARS-2 + pCMV.VSV) into normal muscle (left panel)
or in regenerating muscle (right panel). Two weeks after DNA immu-
nization, ex vivo ELISPOT assay was performed on splenocytes to
measure Gag-specific IFN-y-secreting CD4" T cells. Splenocytes were
incubated for 40 h with naked Gag particles (100 ng/ml) or in culture
medium. Results are given as the mean number of specific IFN-vy-
secreting CD4™ T cells per spleen *+ standard error.

of specific CD4™ T cells per spleen was not different between
these two groups either, but was two times higher in mice
immunized following cardiotoxin pretreatment (Fig. 5). This
indicates that pseudotyping Gag particles with the VSV-G
envelope has no major effect on the generation of Gag-specific
class Il-restricted responses in vivo and underlines the impor-
tance of APC recruitment at the injection site for the induction
of strong specific T-cell responses.

Role of the VSV-G envelope in enhancement of the cytotoxic
response. In order to determine if the increase in cytotoxic
activity (Fig. 1) and in the frequency of responding mice (Fig.
2) observed after coimmunization of pCMV.ARS8-2 with pC-
MV.VSV results from the fusogenic property of the VSV en-
velope or from a possible adjuvant effect of the VSV-G protein
per se, cytotoxic T-cell responses were analyzed 2 weeks after
injection of a total of 10 pg of DNA into normal muscle (Table
1). In these experiments, cytolytic responses were considered
positive after subtraction of the background, when the specific
lysis was 10% or more, and this cutoff value was used to
calculate the number of responding mice in each group. Av-
eraging of the results of three to five independent experiments
is presented on Table 1. First, DNA expressing Gag particles
was coinjected with a plasmid encoding a VSV-G envelope
devoid of fusogenic activity (70). A significantly decreased
number of responding mice (2 of 14 [14%]) was observed (P <
0.05; Table 1) compared to what was obtained following coin-
jection in the same leg with plasmid encoding the fusogenic
VSV envelope (13 of 28 [46%]). This indicates that the fuso-
genic activity of the VSV-G envelope protein was necessary for
the observed enhancement in cytotoxic responses in vivo. Next,
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TABLE 1. Adjuvant effects of VSV-G on
Gag-specific CTL response

No. of

. P
. . responding P
Injected DNA (10 pg) mice/no. (x tP;:‘:)rson
tested (%)°
pCMV ARS-2 + pCMV.VSV (same paws) 13/28 (46) <0.001
pCMV ARS8-2 + pCMV.AS (same paws) 0/17 (0)
pCMV ARS8-2 + pCMV.VSV (same paws) 13/28 (46) <0.05
pCMV ARS8-2 + pCMV.VSV mut® (same paws)  2/14 (14)
pCMV ARS8-2 and pCMV.VSV (separate paws) 3/14 (21) <0.05
pCMV ARS8-2 + pCMV.AS (same paws) 0/17 (0)

“ DNA was injected into normal muscle.

® Splenocyte cytotoxic activity was measured against P815 target cells pulsed or
not pulsed with HIV-1 Gag peptide.

€ VSV mut is a nonfusogenic VSV-G envelope.

to see whether the VSV-G protein could have an adjuvant
effect per se, we injected the two plasmids into separate legs.
Coinjection of pCMV-VSV with Gag-expressing DNA at dif-
ferent sites gave a 21% response rate (3 of 14 responding mice)
compared to coinjection with control plasmid at the same site
(0 of 17 responding mice). This indicated that VSV-G had an
additional adjuvant effect on the Gag-specific immune re-
sponse (P < 0.05).

To further characterize the effect mediated by the VSV-G
envelope on the Gag-specific cytotoxic response, we analyzed
the T-cell response to VSV. This was performed in an IFN-y
ELISPOT assay by using spleen cells derived from mice co-
immunized with either pCMV.ARS8-2 and pCMV.VSV or
pCMV.AR8-2 + pCMV.AS as effector T cells. Target cells
were splenocytes infected with recombinant vaccinia virus ex-
pressing VSV-G or with wild-type vaccinia virus. IFN-y-secret-
ing T cells were detected for mice immunized with vectors
encoding VSV-pseudotyped Gag particles only. ELISPOT as-
say performed on total splenocytes, on CD4"-depleted T cells,
or on CD8"-depleted T cells indicated that the VSV-mediated
T-cell response was mainly CD4" dependent (Fig. 6). Thus,
VSV-specific CD4™" T cells activated after pPCMV.VSV immu-
nization could provide help to the Gag-specific T-cell response
observed when the nonfusogenic VSV-G envelope was used.

Altogether, these results suggest that the observed increase
in Gag-specific responses after pPCMV-VSV coinjection was
due in large part to the fusogenic activity of the VSV-G enve-
lope, which allows improved uptake and processing of the Gag
particles by APCs, as well as to the intrinsic immunological
properties of VSV.

DISCUSSION

In the present study, we show that induction of HIV-1 Gag-
specific cytotoxic T cells can be increased in mice by using
VSV-G-pseudotyped Gag particles administered by DNA im-
munization. This operates through an improved receptor-me-
diated uptake and processing of the Gag particles by APC after
fusion with the VSV-G envelope, but also through the intrinsic
adjuvant properties of VSV-G protein. In contrast, the effi-
ciency of the class II processing and presentation remained
unchanged whether Gag particles were pseudotyped or not.
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FIG. 6. Analysis of VSV-specific T-cell responses induced in vivo
by injection of DNAs encoding either naked or VSV-G-pseudotyped
Gag particles. Groups of five mice were injected with 100 g of either
pCMV.AR8-2 + pCMV.AS DNA (left panel) or pCMV.ARS-2 +
pCMV.VSV (right panel) DNA into normal muscle. Two weeks after
DNA immunization, ex vivo ELISPOT assay was performed on spleno-
cytes to measure VSV-specific IFN-y-secreting T cells. Splenocytes
were incubated for 40 h with wild-type vaccinia virus (rvv WT) or with
recombinant vaccinia virus expressing VSV-G (rvv VSV) at an MOI of
1/1. The ELISPOT assay was performed on undepleted, CD4" T-cell-
depleted, and CD8" T-cell-depleted splenocytes. The number of
IFN-y SFC is expressed per 10° splenocytes.

DNA-based immunization represents an efficient strategy to
induce CTL in vivo. Direct injection of a plasmid DNA expres-
sion vector into skeletal muscles results in the synthesis of
plasmid-encoded antigens in the host cells (16, 71). These
foreign proteins are then subjected to natural immune surveil-
lance by dendritic cells, resulting in both MHC class I and
IT cellular responses. Studies using bone marrow chimeras
showed that antigenic peptides involved in priming a CTL
response are presented in the context of MHC class I mole-
cules on bone marrow-derived cells and not by myocytes (14,
20, 24). Thus, immune responses are initiated by antigen ex-
pressed by transfected dendritic cells (direct priming) or by
nonlymphoid cells (cross-priming). However, depending on
the nature of the antigen and its localization in the transfected
cells, immune responses could vary greatly (36, 39).

The VSV-G envelope allows HIV-1 entry through a pH-
dependent endocytic pathway (1). The chimeric viruses com-
posed of HIV-1 core and the VSV-G envelope, termed HIV-1
(VSV) pseudotypes, have been shown to be much more infec-
tious than nonpseudotyped HIV-1 virions due to the infection
of a broad range of target cells through a fusion-dependent
mechanism (48). It has been reported that nonreplicating
HIV-1(VSV) virus efficiently transduced DC at an immature
stage leading to further maturation and to efficient antigen
presentation to CD4* and CD8 T cells from HIV-1-infected
individuals (26). In addition, we have recently shown that hu-
man dendritic cells can present Gag epitopes upon exposure to
incoming virions bearing either HIV-1 or VSV envelope gly-
coproteins and that this occurred in the absence of viral pro-
tein synthesis. However, a broader range of APC were targeted
when incoming virions were coated with VSV-G rather than
with HIV-1 envelope (10).
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To increase the uptake efficiency of antigen produced in vivo
after DNA-based immunization, we used the VSV-G envelope
to pseudotype Gag particles. Our study was based on coimmu-
nization of mice with DNA plasmids encoding either HIV-1
Gag particles only or Gag particles pseudotyped with the
VSV-G envelope. We showed that, in vivo, the anti-Gag-spe-
cific CTL response was increased after coinjection with the
VSV-G-encoding plasmid. The number of mice with Gag-spe-
cific CTL in spleen and the intensity of the cytotoxic response
were significantly increased for two different doses of coin-
jected DNA. In contrast, coinjection of mice with a vector
coding for a VSV envelope devoid of fusogenic activity signif-
icantly reduced the number of mice with Gag-specific CTL.
Injection of the DNA coding for Gag and for VSV-G at dif-
ferent sites led to a twofold reduction in the number of mice
with Gag-specific CTL. However, compared with mice receiv-
ing the pCMV.AS antisense vector, the number of responder
mice was still significant. This suggests that production of
VSV-G protein at a distant site induced an activation of the
immune system that resulted, in turn, in an improvement in the
Gag-specific CTL response. Indeed, we found that injection of
a plasmid encoding VSV-G induced a high frequency of VSV-
specific IFN-y-secreting CD4" T cells. Nevertheless, we can-
not exclude that the adjuvant effect of VSV may require colo-
calization with the antigen. This point is difficult to address,
because it would require the use of Gag mutants that are not
pseudotyped by VSV. Recently, the requirement of CD4*
T-cell help for CTL priming was shown to act via cross-priming
mechanisms involving APC (4, 54, 61). This CD4™ T-cell help
was originally described as antigen specific; however, a non-
specific stimulus through CD40 was shown to restore APC
conditioning, leading to CTL priming in MHC class 1T/~ mice
(4, 61). Recent data indicate that dendritic cells in plasmid
DNA-injected mice require conditioning signals from MHC
class Il-restricted T cells that are both CD40 dependent and
independent. The signals required for priming CTL from plas-
mid injection may be antigen independent or nonspecific and
may be provided by cytokine secretion (11, 42, 67). Thus, it is
conceivable that the VSV-specific immune response provides
nonspecific T-cell help for the generation of Gag-specific
CD8" T-cell responses.

Additionally, VSV-G could exert a positive effect on particle
infectivity in various ways. VSV-G-carrying vesicles are pro-
duced and efficiently released into culture medium from cells
expressing VSV-G in the absence of other viral components
(50). VSV-G could thus increase the release of Gag particles
when VSV-G and Gag proteins are coexpressed in the same
cell. Moreover, it has been reported that VSV-G can be incor-
porated into naked HIV-1 particles after virion release (64),
providing another mechanism for increasing viral infectivity. It
is also conceivable that VSV- and HIV-encoding plasmids
transfected different cells in vivo and that the VSV-G-induced
cell-to-cell fusion resulted in a subsequent enhanced presen-
tation of Gag antigen.

The enhancement in cytotoxic response observed following
coinjection of Gag-encoding vector with VSV-encoding plas-
mid appears to operate by at least two different mechanisms:
an activation of the immune system due to the nature of the
VSV envelope itself and an increased processing of the se-
creted VSV-G-pseudotyped Gag particles.
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The enhancement in antigen processing was further illus-
trated by in vitro experiments showing that exogenous presen-
tation of Gag epitopes in APC was more efficient when Gag
particles were pseudotyped with VSV-G. It is now well dem-
onstrated that some exogenous antigens can be processed and
presented to CD8" T cells following the alternative class I
antigen presentation pathway (32, 69). Our in vitro studies
showed that when Gag particles were pseudotyped with
VSV-G envelope, the Gag protein enters both MHC class I
and II processing pathways. In contrast, naked Gag particles
only enter the MHC class II pathway, and the derived epitopes
are only recognized by CD4" T cells.

Various successful strategies to prime MHC I-restricted
CD8" CTL responses to exogenous antigen have been de-
scribed to date. These include the parvovirus virus-like parti-
cles (27, 62), the HIV-1 Gag core particle (19, 28), the hepatitis
B surface antigen (60), and the yeast transposon-derived par-
ticle (37). Some of these approaches were combined with
DNA-based immunization (30, 38, 76). Intramuscular admin-
istration of a DNA vaccine represents a simple and effective
means of inducing both humoral and cellular immune re-
sponses, including cytotoxic T-cell responses (22). There are a
number of strategies available to improve the potency of DNA
vaccines. Such methods include (i) DNA delivery systems, such
as cationic microparticles, that increase DNA transfer to APC
(65); (i) the use of adjuvants, either as a gene or as a coad-
ministered agent (3, 66); (iii) the use of immunostimulatory
sequences such as CpG in the plasmid or vector modification
to enhance antigen expression (30); (iv) the use of peptides
that target the antigen to sites of immune response induction
(18); and (v) codelivery of plasmids activating the death path-
way (12, 59).

Direct injection into muscle cells induces synthesis and, in
some cases, secretion of recombinant protein (16, 47, 71).
Targeting of the protein synthesized in the muscle to the den-
dritic cells operates through either cross-priming or secretion
and capture of the DNA-encoded protein. Our results are in
agreement with the latter pathway for antigen capture, since
we obtained a greater number of mice with anti-Gag-specific
cytotoxic activity and greater efficiency in the cytotoxic re-
sponse when Gag particles were pseudotyped with a fusion-
competent VSV-G envelope.

Because of the potential role of CTL in controlling HIV-1
infection (7, 35) and disease progression (46, 49), numerous
approaches have been tested for activation of the cellular im-
mune response, including, for example, nonpathogenic recom-
binant live vectors expressing HIV proteins, inactivated non-
infectious virus particles, and DNA vaccines (2, 3). Recently,
an AIDS vaccine based on live attenuated recombinant VSV
was shown to be effective in protecting macaques after chal-
lenge with a pathogenic virus (57). There is increasing evidence
that both CD4* and CD8" subsets are probably required for
strong CTL memory and protection against HIV-1 (51, 55, 58).
HIV-1 Gag is one of the most conserved viral proteins, and
broad, cross-clade CTL responses recognizing conserved epi-
topes in HIV-1 Gag have been detected in HIV-1-infected
individuals (5, 8, 23). Therefore, the induction of CTL and
T-helper responses against conserved Gag epitopes via fuso-
genic HIV-1 or heterologous envelope-mediated targeting of
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Gag particles to APC in vivo could be significant for the de-
velopment of a safe and effective HIV-1 DNA vaccine.
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